Polyamines such as putrescine, spermidine, spermine and agmatine are aliphatic polycationic compounds present in all living cells, and are derived from amino acids, intestinal bacteria, exfoliated enterocytes and supported from diet. Polyamines as the key compounds play essential role in cell proliferation, growth and differentiation. They also exert significant effects on embryonic development, implantation, embryonic diapause, placentation, angiogensis and fetal development. This review paper summarizes the functions of polyamines and embryo/fetus development and its regulatory mechanism which should help to provide some evidences for clinic.
Introduction
Polyamines are low molecular weight organic compounds, and ubiquitously present in all living cells and exert important impacts on growth and development of animals. Polyamines metabolism is regulated by ornithine decarboxylase (ODC) (Xing et al., 2014) . In mammals, polyamines are synthesized from 3 sources: 1) de novo synthesis by amino acids, such as arginine, proline, methionine and L-ornithine by decarboxylated S-adenosylmethionine, 2) import from the diet and 3) produced by intestinal microflora (Bardocz, 1993; Hessels et al., 1989; Larqu e et al., 2007; Tabor et al., 1984; Wu and Morris, 1998; Wu et al., 2008) . Moreover, another source of polyamines derived from exfoliated enterocytes known as luminal sources comparatively rich in cellular contents of polyamines (McCormack and Johnson, 1991) . Free polyamines are regulated in a disciplined manner and based on 4 steps such as de novo synthesis, interconversion, terminal degradation and transport (Larqu e et al., 2007) . Polyamine deficiency might have adverse effects on reproduction (Lef evre et al., 2011) , and the low concentration of polyamines have been associated with neurodegenerative diseases and aging (Minois, 2014 ). However, an excessive level of polyamines has been observed in cancer diseases which showed hazard effects (Ramani et al., 2014) . Remarkably, production of polyamines via endogenous enzymes decreases as age advances (Lef evre et al., 2011; Miller-Fleming et al., 2015) . Therefore, it is suggested that polyamine-rich diet should be implicated during reproduction, aging, memory loss, and in different model species including humans (Kalac, 2014; Minois, 2014; Gupta et al., 2013) .
Polyamines are recognized to be essential for various reproductive processes and play significant roles in harvesting embryo, implantation and in placentation. Polyamines especially putrescine, spermine and spermidine play pivotal roles in regulating DNA and protein synthesis, proliferation and differentiation (Igarashi and Kashiwagi, 2000) . Polyamines were exhibited to exert antioxidant effect via scavenging reactive oxygen species thus protecting DNA, proteins and lipids from oxidative damage (Chattopadhyay et al., 2003) . Research evidences reported that polyamines regulate angiogenesis, early embryogenesis, placental trophoblastic growth and embryonic development (Wu and Morris, 1998) . This review paper highlights the significant role of polyamines in embryo/fetal development and its regulatory mechanism which might give some new directions on future research.
Synthesis of polyamines
Polyamines such as putrescine, spermidine, spermine and agmatine were first reported in human semen. Putrescine is formed by decarboxylation of ornithine by a catalyzed ODC in mammalian cells. Ornithine synthesized from arginase to form arginine. Synthesis of spermidine and spermine required 2 enzymes, S-adenosyl-methionine decarboxylase and a transferase enzyme (spermidine synthase or spermine synthase). Agmatine is derived by decarboxylation of L-arginine (Arg) by arginine decarboxylase (ADC) (Tabor and Tabor, 1984; Dudkowska et al., 2003) . The three polyamines are synthesized from L-Arg (via L-Ornithine) and L-Methionine by series of interdependent enzyme reactions.
Bioavailability of polyamines
Polyamines reach into the gut via consumption of food and are promptly absorbed into duodenum and jejenum lumen by passive diffusion mechanism. The absorption process consists of carriers and cellular absorption. High amounts of polyamines are degraded in the gut before the part of systemic circulation (Milovic, 2001; Chang and Rao, 1994) . Luminal polyamines are absorbed and distributed throughout the body and in various organs. Uptake of polyamines is necessary for cellular proliferation, and its activation occurs by mitogen and peptide growth factors (Milovic, 2001) . Furthermore, deamination of polyamines leads to toxic metabolic products (Agostinelli et al., 2010) . Moreover, polyamine concentration is regulated by synthesis and catabolism via transport of polyamines within the internal and external cellular environment which consists of several mechanisms (Persson, 2009 ). In addition, polyamine concentrations for development of Escherichia coli may transport polyamine into the cells via specific transporters or synthesize them in the lack of polyamines cellular uptake (Kurihara et al., 2010) . Alteration in polyamine pool has been reported due to the amino acid or growth factors (Chabanon et al., 2000) showing that environmental factors may alter polyamine absorption in response to intestinal bacteria.
Regulation of polyamine biosynthesis in uterus
Exposure of steroid hormones during the pregnancy induces the formation of polyamines at various phases of gestation. Higher level of intracellular polyamine in reproductive system has shown to modulate with exogenous steroid hormones. A study conducted in ovariectomized mouse indicates that estrogen hormone is responsible for activation of ODC1 and AZI genes in uterus (Zhao et al., 2008) . At the sites of implantation, ODC1 expression gene is overactivated in mouse uterus after induction of estrogen (Zhao et al., 2008) . In addition, induction of estrogen antagonists decrease the ODC1 gene expression in mouse and rat uterus respectively (Zhao et al., 2008; Dwivedi et al., 1999) . However, this effect has not been observed in rodents due to the ODC1 activity which is considerably exceeding in humans endometrium under the follicular phase rather than luteal phase (Holinka and Gurpide, 1985) . Therefore, it is proposed that estrogen is the crucial regulator for uterine ODC1 activity and has different response among different species and gestation timings. For example, porcine uterine SAT1 gene expression is more susceptible to progesterone during elongation of pregnancy than estrogen (Green et al., 1996) .
And it also has shown that uterine polyamine concentration at genes levels can be modulated with steroid hormones.
Polyamines and embryonic development
Polyamines in early embryonic development have shown higher transcription of ODC1 in 2 cell embryos of mouse and their expressions increase throughout blastocyst stages (Domashenko et al., 1997) . The ODC1 activity increases as the cell progress into blastocyst stage in the mouse. Late morula/early blastocyst stage cannot survive in vitro due to apoptosis in the inner cell mass because of the ODC-1 genotype. Early stages of implantation in mouse embryo model can be rescued by putrescine in drinking water but it could not survive beyond this stage (Pendeville et al., 2001) . Incubation of 8 cell embryos with inhibitor of S-adenosylmethionine decarboxylase proenzyme (SAMDC) which prevents blastocyst formation in vitro, spermine or spermidine in culture media may antagonize this effect (Zwierzchowski et al., 1986) .
Polyamines, being the viral source of cell survival which initiates signaling, starts from transcription to translations (Pegg, 2009) . Polyamines can regulate translation via eukaryotic translation initiation factor 5A (eIF5A), highly essential protein (Chatterjee et al., 2006) and it consists of unusual spermidine residues, i.e., hypusine (Wolff et al., 2007 ) that expresses key roles in the cellular activity (Zanelli and Valentini, 2007) . The requirement of eIF5A protein for cell growth may increase the possibility of polyamines involved in cellular proliferation (Hyv€ onen et al., 2007) .
Arginine is a precursor of nitric oxide (NO) and polyamine synthesis by nitric synthase and ODC (Flynn et al., 2002) . Nitric oxide is a key factor of derivation of endothelium relaxing factor, and is crucial for regulating placenta and fetal blood flows for transferring nutrients and oxygen between mothers to fetus (Bird et al., 2003) . Similarly, polyamine is required for DNA and protein synthesis for cellular proliferation and differentiation (Flynn et al., 2002; Ishida et al., 2002) . Therefore, NO and polyamines are essential for regulation of angiogenesis and embryogenesis (Reynolds and Redmer, 2001 ).
Polyamines and embryonic diapause
Polyamines related genes such as ODC1, SAT1, and AZI and uterine polyamine contents were markedly up-regulated in early embryonic activation (Lef evre and Murphy, 2009; Lef evre et al., 2011) . Embryonic activation in the mink blastocyst to a diapauselike state by suppressing cell proliferation with inhibition of polyamine biosynthesis by 2-(difluoromethyl) ornithine (DFMO), an inhibitor of polyamine biosynthesis. In addition, further delayed implantation with this treatment has no any harmful effects on pregnancy (Lef evre et al., 2011) . In mouse facultative diapause the polyamine related genes such as ODC1, SAT1, SAMDC, AZI, Sms and Smox were up-regulated in the uterine stroma when estrogen induced reactivation of embryo from facultative diapause (Zhao et al., 2008) . Delayed implantation or embryonic diapause is an irreversible process in embryo development before implantation at blastocyst stage (Dev et al., 2004) .
In uterine epithelial cells, supplementation of putrescine in embryonic diapause resulted in normalize embryo development. Moreover, it was shown a potent evidence that in vivo diapause occured due to the lack of polyamines which was restored following prolactin induction (Fenelon et al., 2016) .
Polyamine synthesis and placental development
The results in the deferent days of gestation gilts reported that proline markedly increased polyamine synthesis and concentration between 20 and 40 days of gestation and declined within 40 to 90 days of gestation. Moreover, it was denoted that proline is responsible for polyamine synthesis in porcine placenta and higher activity was observed during early pregnancy which leads to rapid placental growth (Wu et al., 2005) .
Polyamines and intrauterine growth restriction
Intrauterine growth restriction (IUGR) causes abnormal growth and development in mammalian embryo-fetus which was considered as a main problem with human pregnancy (Murphy et al., 2006) and animal productions (Wu et al., 2006) . It has shown that maternal arginine deficiency proved IUGR which had higher fetal absorption, and outcomes of perinatal mortality in rats and supplementation of dietary arginine restored fetal growth restriction in rat models of IUGR induced by NOS (Vosatka et al., 1998) . Nitric oxide and polyamine via NO synthase and ODC were derived from arginine (Lef evre and Murphy, 2009) . Placental polyamine synthesis which is responsible for placental size and fetal growth in mouse and impairment in polyamine synthesis inhibited embryogenesis (Ishida et al., 2002) .
Notably, arginine stimulates the mammalian target of rapamycin (mTOR) signaling pathways to activate protein synthesis in the placenta, uterus, and fetus. L-Arginine dietary supplementations of 0.83% to gilts during gestation period increases fecundity and birth weight in rats and ewes. Collectively, enhancement of uterine as well as placental growth and function through dietary arginine supplementation provides an effective solution to improving embryonic and fetal survival and growth (Wu et al., 2013) .
Role of agmatine in concepts development
Agmatine, a polyamine which is derived from arginine, also performs multiple functions to increase reproductive performance in woman (Di Renzo et al., 2005; Xiao and Li, 2005) , rats (Zeng et al., 2008) and gilts (Mateo et al., 2007) , and it promotes cell migration, proliferation and gene expression in ovine trophoectoderm (oTr1) cells (Bazer et al., 2015a,b) . Agmatine, a precursor of putrescine production via, agmatinase (AGMAT) (Piletz et al., 2013) , stimulates embryo development through a novel ADC/AGMAT pathway in ovine trophoectoderm cells (Wang et al., 2014) . Thus, it indicates that agmatine is an essential component for progression of uterine environment (Wang et al., 2014; Bazer et al., 2015a) . Considering the functions of agmatine, it was reported that it activates insulin secretion and production of luteinizing hormone in dose specific manner and vasodilation of blood vessels (Reis and Regunathan, 1999) .
In addition, it has indicated that both arginine and agmatine regulated basic amino acid transport such as (arginine) polyamine synthesis and secretion of catecholamines by oTr1 cells. Agmatine, upregulates mRNAs expressions of SLC7A1, agmatinase and OAZ2, whereas the arginine and agmatine collectively reduced the mRNAs expressions of ODC1, SLC7A1, OAZ1 and OAZ3 by oTr1 cells. Moreover, agmatine does not involve in proliferation, migration or adhesion of oTr1 cells or their catecholamine's secretion, but promotes the transcription of SLC7A1, agmatinase and OAZ2 genes which would enhance the ability of oTr1 cells to produce polyamines (Lenis et al., 2016) .
Conclusion
Polyamine regulates various cellular functions from gene expression to protein synthesis which performs embryo/fetus proliferation, growth and differentiation (Fig. 1) . Supplementation of polyamines such as spermine, spermidine, putrescine and agmatine has been actively involved in embryo survival which ultimately results in improvements in fertility. More evidences should be collected to explore polyamine role in gametogenesis, placental development, and interaction of fetus with mothers, clinical studies and its underlying molecular mechanism. In addition, polyamines also regulate endocrine functions, such as estrogen and prolactin, which enhances the ODC1 expressions in uterus and shows an essential role in polyamine regulation. Meanwhile, manipulation of polyamine biosynthetic pathway and ADC/AGMAT pathway might give some new directions on concepts development which ultimately enhance livestock productions. Fig. 1 . Multiple functions of polyamine in reproduction.
